Abstract. Combining ultrafast coherent spectroscopy with nano-optical microscopy techniques offers a wealth of new possibilities for exploring the structure and function of nanostructures. In this paper, we describe newly developed nano-optical methods based on short-pulse laser sources with durations in the 10 fs regime. These techniques are used to unravel some of the intricate dynamics of elementary excitations in metallic nanostructures. Specifically, we explore light localization and storage in plasmonic crystals, demonstrate field enhancement and second harmonic generation from metallic nanotips and describe a novel nanometre-sized source of electron pulses. The rapid progress in this area offers exciting new prospects for probing and controlling electron dynamics in metallic nanostructures with femtosecond temporal and nanometre spatial resolution.
Introduction
The optical properties of metals are extraordinary in many respects. The most apparent feature is certainly their high reflectivity, which, for some metals, spans from the far infrared to the ultraviolet spectral ranges. This reflectivity can be traced back to the large density of mobile conduction electrons that react to incoming light fields and prevent them from penetrating the metal. Such exclusion effects take place very close to the surface, in a narrow region known as the 'skin depth', a thin layer of approximately 10 nm in thickness.
Light impinging on a metal surface induces charge and current oscillations within the skin depth, which in-turn create optical fields near the surface that act back on the charges. This can result in combined resonant modes of the electron motion with a surface-bound electromagnetic field. The relevant timescales of such resonances are usually exceedingly short, typically in the range of femtoseconds.
Depending on the particular geometry, these excitations may have markedly different characteristics. For example, surface plasmon polaritons (SPPs) [1] are delocalized waves traveling along a metal surface and can possess spatial coherence lengths up to several millimetres for near-infrared light and metals like gold or silver [2, 3] . On the other hand, sharp edges or other highly curved geometries, e.g. nanometre scale metal clusters, lead to localized surface plasmons, highly spatially concentrated resonances in which the electromagnetic fields may far exceed those illuminating the structure.
Due to this wide range of properties from field localization to mesoscopic surface-bound optical transport, the study of surface plasmons has developed from a topic of fundamental research to a focus of various novel technological applications in opto-electronics, biology and medicine. Surface plasmons are used, for example, to enhance Raman scattering [4] , molecular fluorescence [5] and the output efficiency of solid state light emitters [6] and Terahertz lasers [7] . Commercial surface plasmon resonance ellipsometers [8] are capable of tracing minute amounts of a substance, e.g. in the detection of protein monolayers [9] or to monitor antibody reactions.
An exciting theme in 'plasmonics' that is expected to make the leap to technological relevance in the near future is the control of light propagation and localization on the 3 nanoscale [10] - [13] . A prominent early example was the achievement of very high optical transmissivity through periodic arrays of very small subwavelength apertures in thin metal sheets [14] . These periodically-patterned film structures are ideal model systems that merge the concepts known from photonic crystals [15] with the exceptional material properties of metals to form 'plasmonic crystals'.
The SPPs excited in these structures are strongly coupled to the optical far-field, which limits their lifetime to few tens of femtoseconds [16] - [18] . This will restrict their use in certain optical elements and calls for a better understanding of ways to control these lifetimes. Equally important are new experimental tools for probing and manipulating the elementary excitations of metallic nanostructures. Due to these short lifetimes, time-resolved studies are challenging and require extremely short laser pulses [19] . In addition, unavoidable size fluctuations in nanostructure ensembles make studies of individual nanostructures highly desirable, often requiring imaging and spectroscopy techniques with ultrahigh spatial resolution [19] - [21] .
It is the aim of this paper to describe recent experimental progress in combining ultrafast coherent laser spectroscopy and nano-optical imaging techniques for probing the elementary excitations of metallic nanostructures. Three specific examples are discussed. First, it is shown how the interplay between light localization and SPP propagation gives rise to the resonant light transmission through metallic nanoarrays. Then, the spatial localization of ultrashort light pulses is used to enhance second harmonic generation (SHG) from metallic nanotips and produce an isolated light nanosource that can be employed in background-free sub-wavelength imaging. Finally, we demonstrate a nanometre-sized electron source based on the field enhancement of sub-10 fs pulses at the very end of a metal nanotip. The physics underlying the electron generation is elucidated, and perspectives for novel applications are discussed.
Experimental

Laser sources
For the experimental studies on enhanced transmission through metallic nanostructures and for localized electron generation, we used two commercial 80 MHz repetition rate broadband Ti : sapphire oscillators (Femtolasers), delivering optical pulses at a center wavelength of 800 nm with pulse durations of 11 and 7 fs, respectively. Typical spectra of the two lasers are shown in figures 1(a) and (c). The large spectral width of these lasers, in combination with their high brightness, makes them exceptionally useful for the spectroscopic experiments with high angular resolution described in section 3.1. The time-dependent electric field E(t) of the generated light pulses has been characterized in interferometric autocorrelation (IAC) measurements [22] . IAC traces are shown in figures 1(b) and (d), respectively. The full-width-athalf-maximum (FWHM) of the IAC shown in figure 1(d) amounts to 10.0 fs, which corresponds to a pulse duration of 6.5 fs assuming a hyperbolic secant pulse shape [23] . The data in figure 1(b) yield a longer pulse duration of approximately 11 fs.
As a unique electric field reconstruction from IAC traces is not possible, we have characterized the laser pulses [23] by both SPIDER ('spectral phase interferometry for direct electric-field reconstruction') [24] and FROG ('frequency-resolved optical gating') [25] . Both methods allow for a reconstruction of the (relative) spectral phase φ(ω) = arg(Ẽ(ω)) of a light pulse, whereẼ(ω) is the Fourier transform (frequency representation) of E(t). The phase curves are plotted in figures 1(a) and (c) as gray lines. From these measurements, the full time dependent electric field of a laser is obtained by inverse Fourier transformation. The only information not delivered by these characterizations is the absolute phase of the electric field [26, 27] , which is not directly relevant for the experiments discussed here.
For the second-harmonic (SH) experiments, we have used a home-made stretched-cavity Kerr-lens mode-locked Ti : sapphire oscillator. The laser setup is shown in figure 2 ; the cavity length of a 'standard' oscillator with a 5 mm Ti : sapphire rod is extended by introducing in one arm a 1 : 1 folded intracavity telescope, consisting of two −2000 mm radius concave mirrors (mirrors M1 and M3) [28, 29] . The telescope has a unity ABCD matrix so as to keep the optical stability limits of the cavity unchanged. The laser generates 25 fs pulses at 800 nm with 26 MHz repetition rate and a maximum output power of 500 mW, corresponding to a pulse energy of 20 nJ. This source results, for a given average laser power, in a fourfold increase in pulse energy with respect to a standard 100 MHz oscillator, significantly boosting the SHG for a safe power level incident on the metal tip. Although even longer resonators with a repetition rate down to 5 MHz have been reported in the literature [30] , our system represents an excellent compromise in terms of stability and reliability.
Near-field microscopes
The linear optical properties of metallic nanoarrays are studied by both conventional far-field white-light spectroscopy and near-field scanning optical microscopy (NSOM). These NSOM experiments are performed at room temperature with a home-built microscope (figure 3), based on a hardware-linearized piezo scanner ('Picocube', Physik Instrumente) with a threedimensional scan range of 5 × 5 × 5 µm 3 and a capacitive position detection with a precision of better than 0.5 nm.
The distance between the tip and the sample is regulated by a shear-force feedback system [31] employing a tuning fork sensor [32, 33] . The tips are glued on one tine of a quartz tuning fork, extending past the end of the fork by roughly 100 µm. The tuning fork is mechanically excited at its resonant frequency (∼32.8 kHz) by applying a small ac voltage to a tube piezo, on which it is mounted (denoted as 'dither-piezo'). The current induced between the two electrical tuning fork contacts by the mechanical oscillation is picked up, amplified by a transimpedance amplifier (gain up to 1 GV A −1 ) and detected with a lock-in-amplifier. The experiments are performed with oscillation amplitudes of about 1 nm to achieve high spatial resolution in the image while maintaining an amplitude detection noise ratio of less than 5 × 10 −3 . In order to avoid mechanical vibrations from the set-up, the microscope was placed on a passive vibration insulation table inside a sound insulation housing.
For the electron experiments described in section 3.3, this microscope is installed inside a high vacuum chamber operating at a base pressure of about 10 −7 mbar. The chamber is evacuated using a magnetic bearing turbomolecular pump (BOC Edwards), which is kept operating during the course of the experiments. Beam splitter Figure 4 . Spectral interferometry. The broadband laser pulses are split and sent through the two arms of a Mach-Zehnder interferometer. The spectral interferogram (bottom left) between the reference pulse (top) and the pulse transmitted through the investigated sample (bottom right) shows oscillations which can be adjusted by a temporal delay τ .
For the SH imaging experiments described in section 3.2, we used a home-built scattering NSOM (s-NSOM) consisting of a modified atomic force microscope (AFM) operated in the intermittent contact mode (or 'tapping mode') [34] . We employ commercial metal-coated cantilevered silicon tips (model ContPt from Nanosensors) which are glued on a quartz tuning fork that becomes the force sensor instead of the cantilever itself. The tuning fork is glued on to a dither piezo operating at amplitudes ranging from 3 to 30 nm peak-to-peak. The tuning fork signal is fed to an amplitude demodulator (Nanosurf, Model EasyPLL). For the feedback loop, we use a standard analog controller which drives the z-axis of an x-y-z-piezo-scanner stage (Physik Instrumente, Germany).
Spectral interferometry (SI)
In the far-field optical studies of metallic nanoarrays, we use the technique of SI [35] to fully characterize the angle-dependent linear transmissivity t (ω) of these samples. This complex function connects the incident and transmitted laser fields via
and its magnitude squared gives the usual transmission spectrum T (ω) = |t (ω)| 2 . In SI [35] , a broadband optical pulse is sent through two arms of a dispersion-balanced Mach-Zehnder interferometer (see figure 4) . The light transmitted through the investigated medium is brought to interference with an undisturbed reference field from the same source. The superposition of both fields is spectrally resolved, and the intensity of this spectral interferogram is given as The rapid interference oscillations in the interferogram are due to the first term of this product, and the fringe spacing can be adjusted by the choice of the delay τ in the reference arm. A phase reconstruction for t (ω), illustrated by some intermediate steps shown in figure 5 , proceeds as follows: (i) the interferogram (c) is divided by the incoming spectrum |E in (ω)| 2 (gray curve in (a)), leaving a term that, after expansion, reads (see
(ii) A Fourier transform of this expression results in a component centered around zero, and two components that are shifted in the time domain by a positive and a negative value of the delay τ . The magnitude of its Fourier transform is shown in figure 5 (e). (iii) Selecting only the positive time component with a time-window filter [35] and back-transforming it into the frequency domain yields the complex t (ω)exp (−iωτ ). Of this expression, the argument can be immediately evaluated numerically, compensating for the linearly increasing phase contribution ωτ (figure 5(f, black line)). For comparison, the well-known π-phase change of a Lorentzian resonance is plotted as the thick gray line. Small deviations of the retrieved phase information from the ideal phase curve are only visible at the edges of the frequency domain, resulting from a bandwidth restriction in the numerical calculations. A major prerequisite for SI is a good visibility of the fringes in the interferogram. Mechanical fluctuations often degrade the fringe visibility. One solution to this problem is an active stabilization of the interferometer with a frequency-stable cw-laser reference, e.g. a He-Ne-laser. In our case, we have largely reduced the effects of mechanical fluctuations by using a fast line-scan charge-coupled-device (CCD) camera after the monochromator. This camera is capable of integration times on the order of 1 ms, so that mechanical vibrations up to 1 kHz have little influence on the fringe visibility.
Results and discussion
Light localization and SPP excitations in metallic nanoarrays
Ever since the first experiments reported by Ebbesen et al [14] , the surprising 'extraordinary' enhancement of the optical transmission through periodic arrays of nanometric holes or slits in metal films has been one of the most heavily debated topics in optics. The discussion of the underlying physical mechanisms has been highly controversial [36] - [40] and continues to attract broad interest [41] . It is the aim of this section to demonstrate that the combination of coherent optical techniques and spatially resolved near-field spectroscopic techniques yields a quite clear picture of the microscopic physical phenomena governing the linear optical properties of these arrays. In addition, new and interesting phenomena such as the sub-radiant suppression of SPP damping in nanoslit arrays are found [42] .
As a model system, we investigate 150 nm thick gold films perforated by linear arrays of 50 nm wide nanoslits with a periods of a 0 = 650 and 750 nm (figure 6). The samples are fabricated by dry etching after e-beam patterning of a gold film grown on a flat sapphire substrate [16, 43] .
Conventional angle-resolved linear transmission spectra of such an array (figure 7) show a pronounced enhancement of the transmission at certain resonance wavelengths. The corresponding optical frequencies are close to those expected for grating-coupling of monochromatic light at frequency ω L , to SPP excitations at either the air-metal (AM) or sapphire/metal (SM) interface of a thin metal grating [1, 44] . The light is incident at an angle θ and with in-plane wavevector k = (ω/c)sin(θ). These resonance frequencies can be estimated from the SPP dispersion relation on a planar metal-dielectric interface ω(k SP ) = c|k SP |( . .
. Based on such angle-resolved transmission spectra [14, 44] , the energy dispersion of these resonances, their peculiar, asymmetric line shape [45, 46] and the nature of the elementary excitations underlying these resonances have been debated. Here, coherent optical experiments can give important additional information that may help in elucidating some of these issues. In our work, SI [35] is used to measure both amplitude and phase of the angle-dependent linear transmissivity t (ω), relating the electric field amplitudes of the incident E in (ω) and transmitted pulses E out (ω).
Experimental results at different angles of incidence are shown in figures 8(b)-(d), where the time structure of the transmitted pulses E out (t) is shown in the left panel. The normalized transmission T (ω) = |t (ω)| 2 and phase ϕ = arg(t (ω)) of the transmitted pulses is shown in the right panel. By continuously varying the angle of incidence one thus obtains full information on the band structure of these plasmonic crystals [42, 47, 48] .
More detailed insight into the physical origin of these complex spectral variations can be obtained from a different representation of the results, shown in figure 9 . Here, we plot in figures 9(a) and (b) the spectral intensity |E( f )| 2 = |E(ω/(2π))| 2 and the time structure, respectively, of the field E(t) of the pulse transmitted at an angle of 8
• through the 650 nm 
Time ( This image shows quite clearly that the light spectrum transmitted through the nanoslit array undergoes a pronounced temporal evolution. Initially, it consists of an ultrafast burst covering essentially the entire spectrum of the incident laser. At later times, one finds exclusively the rather long-lived emission from resonant SPP excitations-in this example from the AM [−1] SPP excitation at around 390 THz (770 nm). In general, the time structure of the transmitted field is well described by a nonresonant 'direct' transmission amplitude, E nr , with a time structure given by that of the incident laser, and the damped emission from different SPP excitations at resonance frequencies ω j and with damping constants j , namely
In the spectral domain, the interference between the resonant and the nonresonant transmission channels gives rise to characteristic asymmetric line shapes, as predicted theoretically [45] and found on the basis of far-field transmission spectra [46] . Such line shapes [49] appear whenever a continuum is coupled to a resonance, for instance in the autoionization process in atomic physics [50] . Within this model, the complex transmissivity can be written as
Here, a nr is the spectrally flat or slowly varying nonresonant transmission amplitude, and a j and φ j are the oscillator strengths and phases, respectively. The frequencies ω j correspond to SPP resonances at either the AM or SM interface [44] . The resonance width j contains two terms: a nonradiative damping γ j due to absorption in the metal, and the radiative damping rad, j of the SPP modes, which is in most cases dominant [16] . Figure 10 illustrates the physical picture underlying this line shape model and shows that the spectral dependence of both T (ω) and ϕ(ω) are satisfactorily reproduced. The model also shows that, as a consequence of the π-phase change across the Lorentzian SPP resonance, the resonant excitation of SPPs gives rise to an enhancement [14] of the transmission at certain • due to a disappearance of the peaks at these angles. (b) Linewidths and corresponding lifetimes of both branches (logarithmic scale). The upper borders of the light gray and gray shaded areas correspond to the expected intrinsic (absorptive) SPP damping for the dielectric function tabulated in [51, 52] , respectively. wavelengths, as well as to a transmission reduction [38] at other wavelengths, illustrated in figure 10(b) . This line shape model now forms a sound basis for a quantitative analysis of the effects of coherent SPP interactions, namely the formation of bandgaps on the transmission spectra of such nanoslit or -hole arrays. Coherent interactions are expected to become important whenever two or more SPP modes are brought into resonance. The essential consequences of such interactions are summarized in figure 11 for the crossing of the SM[+1] and SM[−2] modes of the nanoslit array with a 0 = 650 nm. For this array, t (ω, θ) is recorded by SI with a step size θ = 1
• [42] . These data are analyzed using the line shape model described above (equation (5)), and the extracted resonance wavelengths λ j = 2π c/ω j , widths j and SPP lifetimes T 1, j = 1/(2 j ) are 13 shown in figures 11(a) and (b). One observes a clear anti-crossing of the two SPP branches near θ c = 38
• and the formation of a plasmonic band gap with an energy E g = 72 meV. In addition to the splitting of the resonance frequencies, drastic intensity and linewidth variations are found. The linewidths of the upper and lower branches are plotted in figure 11(b) as the open and black circles, respectively. The most striking feature is the linewidth narrowing of the lower energy branch near the SM[1]/SM[−2] anti-crossing. Here, a minimum linewidth of ≈ 5.5 meV is found. This corresponds to a SPP lifetime of about T 1 = 60 fs, which is much closer to the intrinsic damping time than the lifetimes of the SPP resonances far from the anti-crossing, where shorter lifetimes down to a few femtoseconds are found. Thus, near the anti-crossing, the SPP lifetime is no longer limited by radiative damping [16] but by the intrinsic SPP losses. In addition, the intensity of the transmission decreases and eventually vanishes near the anti-crossing angle θ c . This line-narrowing is evidence for a coupling-induced suppression of the radiative damping, i.e. a clear example of subradiance [53] . Near the anti-crossing, the type of SPP damping changes from predominantly radiative ( rad > γ ) to absorption-limited (γ > rad ). For the case of the SM [+1]/SM[−2] crossing, these subradiance effects are somewhat masked due to the apparent asymmetry of the damping constants for θ < θ c and θ > θ c ( figure 11(b) ). This asymmetry arises because the SPP modes above the bandgap and with θ > θ c can couple into additional diffraction orders, resulting in an increase of radiative damping. The asymmetry is reduced near the AM [+1]/AM [−1] crossing and here, SPP lifetimes T 1 of up to 200 fs have been found for a grating with a 0 = 750 nm [42] .
Spectrally-resolved near-field imaging of the optical modes in these plasmonic crystals (figure 12) is helpful in clarifying the cause of the damping suppression. For experimental reasons, such mode imaging is described at the crossing of the AM[+1] and AM[−1] modes. For such imaging, we illuminate the sample through the sapphire substrate near θ = 0
• with the broadband Ti : sapphire laser. The transmitted light is scattered off an Al-coated near-field fiber probe, dispersed in the far-field through a monochromator and detected with a CCD camera. Figure 12 (b) shows the spatially averaged near-field spectrum, normalized to the incident spectrum. The broad and the narrow resonances found in the far-field transmission forming the AM SPP bandgap are evident. In contrast to the corresponding far-field spectrum, the pronounced asymmetric line shape of the resonances has largely disappeared, since the relative magnitude of the nonresonant 'direct' transmission is greatly reduced in the nearfield. Most important are the spatial near-field intensity distributions I (x) along the surface at the wavelengths of the narrow (dark) and broad (bright) resonances ( figure 12(c) ). In the wavelength range of the broad resonance, I (x) shows maxima at the slits and slightly weaker maxima in the center between slits. In contrast, at the wavelength of the narrow resonance, I (x) shows almost negligible intensity at the slits and two strong maxima in-between the slits. This suggests that these images reveal the optical mode profiles of the coupled SPP modes of these plasmonic crystals. In analogy to other periodic systems, e.g. in crystalline solids, the periodic structuring of the surface induces a coupling of the propagating SPP modes traveling to the left and right, resulting in new coupled normal modes. At normal incidence, the field distributions are expected to be symmetric and antisymmetric with respect to the slit centers, in agreement with the intensity distributions seen in figure 12(c). Since the nanoslits effectively serve as scattering centers, coupling evanescent SPP modes into propagating far field modes, it is apparent that the radiative damping of the dark mode is largely reduced. As the dark mode has a very small mode amplitude at the scattering centers, the coupling to far-field modes is reduced and the radiative damping vanishes strictly at normal incidence. This qualitative explanation is confirmed by an analysis within a coupled mode model [42] and by quantitative scattering matrix simulations [40, 47, 48] . Due to the complex nature of the electromagnetic near-field in such nanostructures [54] , one may expect that different polarization components of the electric field but also of the magnetic field are imaged in near-field experiments. More detailed experimental studies [48] show convincingly that the experimental geometry chosen here is most sensitive to the in-plane component of the magnetic field H y (x), oriented along the slit axis.
In summary, these experiments show that coherent optical spectroscopy using broadband laser sources in conjunction with spectrally resolved near-field mode imaging provides a very clear microscopic picture of the linear optical properties of such periodic metallic nanostructures and is the basis for a detailed theoretical description. We anticipate that similar experiments will be equally crucial in analyzing and optimizing the nonlinear optical properties of hybrid metal nanostructures, such as periodic metal/semiconductor or metal/polymer arrays, which promise new applications in nano-optoelectronics.
An isolated ultrafast light nanosource based on SHG at metallic nanotips
In the field of nano-optics there is a strong demand for nanometre-sized, isolated light emitters for enhanced resolution microscopy and spectroscopy, as well as for nanowriting applications. The most common approach for the production of such sources is the aperture NSOM probe, which confines the optical field to an evanescent, nonpropagating wave by a nanometresized aperture, usually realized by a metal-coated tapered optical fiber [31] or a metal-coated cantilevered hollow pyramid with a hole at its apex [55] . Although the spatial resolution of such probes can in principle go down to 20 nm, determined by the skin depth of the metal coating, it is for conventional probes often limited to 50-100 nm by the low throughput (typically around 10 −4 -10 −5 ) along with the low value of the average input power (a few milliwatts) that can be coupled before the onset of thermal probe damage [56] . Recently, more sophisticated aperture probe concepts, such as the double-tapered fiber [57] or the tip-on-aperture probe [58] - [60] , have been introduced that overcome these limitations to a certain extent.
An interesting alternative approach to dramatically improve the lateral resolution to the 10 nm range is the s-NSOM, in which sharp AFM tips with apical radii down to 2 nm are used as near-field scatterers [61] . Field enhancement at the tip apex allows the achievement of 5-10 nm resolution [20] , [62] - [64] with either metallic or semiconducting tips. On the other hand, s-NSOM is generally affected by a strong global background coming from the far-field illumination. This background exceeds the local signal coming from the nanometric scatterer by several orders of magnitude and severely limits the applicability of the s-NSOM approach. Special tip-sample distance modulation techniques, together with homodyne or heterodyne interferometric set-ups for signal enhancement, are in fact required to extract the desired nearfield signal from the background [62] - [64] . Several approaches have been undertaken to reject this large background, e.g. (i) the use of a total internal reflection (TIR) configuration [20, 65] , where the tip is illuminated by the evanescent field created at the surface of the substrate by TIR; (ii) optical pumping of a fluorescent nanometre-sized emitter at the tip apex, such as a single molecule [66] , that allows spectral filtering of the background radiation; (iii) the use of the tip enhancement to excite a nonlinear optical process in the material, such as two-photon fluorescence [67] or Raman scattering [68, 69] ; or (iv) a nonlocal tip illumination by coupling the incident light to surface polaritons [70] .
Here, we propose an s-NSOM configuration based on the detection of the SH radiation induced at the tip apex upon illumination with high peak power ultrashort light pulses [71] . SHG at a metal tip results from a combination of field enhancement due to an electrostatic 'lightning rod' effect, induced by the tip sharpness, and the excitation of localized surface plasmon resonances. The electric field of the incident light interacts with the free electrons in the metal, leading to charge accumulation at its surface; when the polarization is parallel to the tip axis, the charge density, and thus the electric field, are localized at the tip end [37, 67] . Since the SH emission efficiency depends quadratically on the incident intensity, it should be strongly confined at the tip apex, thus providing an isolated nanosource of short light pulses which can be used for illuminating a sample brought into its near-field. Provided that the intensity of local tip-enhanced SH emission is sufficiently high, this configuration has the advantage of greatly increasing the signal-to-noise ratio since the background elastic scattering at the fundamental wavelength (FW) is filtered out due to the local enhancement of the optical nonlinearity at the tip apex.
SHG from sharp metal tips has been reported both for illumination with picosecond [72, 73] and femtosecond [74, 75] pulses. Typical values of the SH signal obtained in previous experiments are in the range of 10 3 -10 4 photons s −1 . Our system introduces a novel and much more efficient illumination and light collection apparatus, utilizing high peak intensity femtosecond pulses from a stretched cavity Ti : sapphire laser. In this way, the number of detected photons at the SH wavelength can be increased by several orders of magnitude (up to 10 6 -10 8 photons s −1 ), thus opening up new and realistic applications for this nanometre-sized optical source for microscopy and spectroscopy.
We first characterized the far-field emission from the tip using the experimental set-up shown in figure 13 (a) in order to demonstrate that the SHG is strongly localized at its apex and that the tip acts as a nonlinear nanoantenna oriented along its axis. We adopted a grazing incidence illumination and collection configuration, with the tip nearly perpendicular to the beam propagation direction. This configuration has the advantage of exciting the tip dipole along its axis and collecting the nonlinear scattered light along the direction of maximum emission. Note that, though less critical than with aperture probes, thermal damage can affect irradiated AFM tips if the average power density exceeds ∼1 MW cm −2 [76] . This problem is alleviated by the use of our stretched-cavity oscillator, which reduces the average power for a given peak power level (see section 2.1). The femtosecond pulse train is first sent to a prism pair precompressor that compensates for the pulse broadening arising from the optical components in the beam path from the laser to the tip. To focus the laser beam on the AFM tip with a very narrow spot size, a 63×, 0.85 N.A. microscope objective is used. The laser is modulated by a mechanical chopper at a frequency of 1 kHz. The back-scattered light is collected by the same illumination objective and directed by a dichroic beam splitter towards a UV-extended PMT. To further filter out the FW beam, short-pass filters and a broad-band interference filter centered at 400 nm and with a 40 nm passband are used. The PMT current is fed to a low-noise transimpedance amplifier and then to a lock-in amplifier referenced to the modulation frequency. The residual FW beam reflected by the dichroic beamsplitter can be detected by a PMT with red-extended sensitivity by replacing the filter set described above by a single long-pass filter.
To characterize the behavior of the metal tip as a localized SH source, we have fixed the AFM sensor chip, mounting a cantilever to which the tip is attached on the x-y-z-piezoelectric stage normally used for sample scanning. The 15 µm long tips used in the experiments are made of Si and are coated with a 20 nm thin layer of PtIr or gold. Scans of the tip position through the laser focus are accomplished by a raster motion in the (x-z)-plane (see figure 13(a) ). The tip axis, z, is rotated by about 20
• with respect to the focal plane, in order to avoid possible shadowing of the highly focused illumination beam by the cantilever apex. Figure 14 shows pictures of a lateral (x-z) scan of the laser spot at the FW and SH wavelengths, respectively, with different polarizations of the FW beam. The y-coordinate is held fixed at the beam waist position. The appearance of the AFM pyramidal tip is clear in the FW image shown in figure 14(a) . Note that the pyramid borders and the tip apex ), field enhancement at the tip apex provides a clearly isolated light source exclusively at the tip location. The field enhancement and the SHG efficiency are much higher for a polarization parallel to the tip axis (figure 14(c)) than for perpendicular polarization ( figure 14(d) ). The second-order character of the tip-enhanced nonlinearity has been assessed by inputoutput characteristic curves ( figure 15(a) ), yielding quadratic behavior for various polarizations, collection geometries and tip metals. The efficiency of the gold tips was typically 2-3 times higher than the PtIr ones, but the latter were preferred due to the far higher mechanical robustness, more suitable for near-field microscopy applications. With 1.5 mW of incident average power, corresponding to an illumination power density of 0.1 MW cm −2 , the collected power from the PtIr tips amounts to 0.5 pW. This value corresponds to about 10 6 photons s −2 , which is about 2-3 orders of magnitude higher than values obtained in previous experiments performed with gold tips. Taking into account the collection losses of our system (transmitted power at the SH wavelength about 20%), we obtain a throughput of about 2 × 10 −6 by considering only the SH radiated within our collection solid angle. An increase of the laser power up to the safety threshold for thermal damage could raise this figure by two orders of magnitude. Figure 15(b) shows the measured dependence of the SHG on the incident polarization direction (crosses). In the same figure, a fit using a cos 4 θ function, where θ is the angle between the tip axis and the laser polarization direction, is also shown as a continuous line. This line is seen to fit very well with the experimental data. This shows that the SH signal is mainly induced by the component of the incident electric field vector which is oriented along the tip axis and strongly enhanced at the tip apex. This finding is in agreement with previous model calculations [67] and experiments [77] . A more detailed study of the polarization properties of the SHG from sharp metal tapers has recently been reported in [75] . In order to use the SH nanosource for microscopy, it is necessary that the tip is approached to the sample. The set-up of the SH s-NSOM is shown in figure 13 (b) and is essentially a home-made AFM (described in section 2.2) modified in order to allow for optical access in illumination and collection. To permit the sample approach with negligible shadowing of the tip illumination, we replaced the 63× microscope objective by an aspheric lens with 6 mm working distance. The generated SH is detected by a UV-extended PMT (PMT2 in figure 13(b) ). Backscattered light at the FW is detected by an additional red-enhanced PMT (PMT1 in figure 13(b) ). In this way, apertureless images at the FW and SH wavelengths can be recorded simultaneously and directly compared. To improve the signal-to-noise ratio in detection, we use an optical chopper in combination with a lock-in amplifier, operating at a frequency of 2.2 kHz in order to not induce periodic tip deformations due to thermal effects that may occur with characteristic times longer than 1 ms.
To optimize the image contrast, proper alignment of the laser spot is necessary so as to favor the tip SH emission in comparison to the global SHG from the sample. To this purpose the aspheric lens is mounted on an x-y-z piezotranslator (Nanocube, Physik Instrumente, Germany). An indication of proper alignment can be given by SH approach curves, i.e. plots of SH intensity as a function of tip/sample distance. An example of such a curve, obtained by approaching the tip to a gold sample, is shown in figure 17(a) . The curve is fitted by a double exponential function, indicating the existence of two distinct regimes. At large distances ( λ) there is a gradual increase of SH. This signal is assigned to the nonlinear response of the sample, since the emission rises within a distance comparable to the Rayleigh range of the illumination beam. Such an increase is therefore due to the fact that the sample is brought into the focal region of the illumination spot and thus emits SH more efficiently. At short distance (< λ/2), a steeper increase is recorded. This is assigned to the near-field contribution to the SH signal.
To further suppress the far-field contribution, one can use a periodic probe/sample distance modulation, a common method in s-NSOM experiments to reject global contributions to the optical signal [62] - [64] . This background suppression is shown by the approach curve in figure 17(b) , in which we remove the optical chopper and reference our lock-in amplifier to the actual tip oscillation. The used integration times in this experiment are much higher than in the previous case (1 s versus 100 ms) and are limited by the SH signal intensity. The difference between this curve and the one recorded without modulation is the absence of long-range contributions, as well as the much steeper short-range increase of the SH signal. The use of tip/sample distance modulation techniques is well known to suppress both background contribution and topography artifacts in standard s-NSOM, although resorting to higher harmonic demodulation is necessary in that case, since first-order demodulation is dominated by topographic artifacts [62, 63] . Here, on the contrary, first-order demodulation is not affected by similar drawbacks. Figure 18 shows a first SH s-NSOM image of a test sample consisting of gold triangles (height 15-25 nm) on a glass substrate obtained from a projection pattern ('Fischer pattern' [78] ) in a hexagonal array with 453 nm periodicity. The characteristic hexagonal structure of this sample is clear from the topographic image in figure 18(a) . The corresponding SH image is shown in figure 18(b) . In this case, the total SH signal was recorded without tip-sample distance demodulation. In contrast, the FW image (not shown) is nearly independent of the tip figure 18 (c) and (d) evidence that: (i) even without demodulation the contrast of the optical image is quite high, exceeding 100% and (ii) the SH s-NSOM image differs quite significantly from the topographic image. This is demonstrated by finding structures in the topography that have almost no corresponding SH signal, and by observing that the SH intensity of the different triangles does not correlate with their topographic height. From such images, however, it is difficult to fully rule out topography effects on the image. This can be achieved, however, by recording local SH approach curves. The contrast achieved on similar samples with aluminium triangles did not exceed 20%; therefore there are indications that this technique is able to discriminate different metals. More detailed studies are underway to investigate how the local SH intensity in s-NSOM is correlated to the local optical nonlinearity of the sample. These preliminary results indicate the possibility of using the SH s-NSOM technique to achieve background-free imaging of nanostructured surfaces with very high spatial resolution. However, several improvements remain to be made. First of all, the SHG efficiency at the tip can be increased by further reducing the pulse repetition rate to the 1-2 MHz range using an acoustooptic pulse picker. In this way, the energy and the peak power of a single pulse are increased for a given safe average power level. In addition, figure 17(b) highlights the advantage of using tip-sample distance demodulation to suppress the SH background; this approach is, however, made difficult by the low SH signal levels, so that only a few photons per oscillation cycle are detected. The SH sensitivity could be boosted by a homodyne set-up, in which the SH generated by the tip is made to interfere with a strong SH signal generated in the far-field by a standard nonlinear optical crystal. 
A nanometre-sized femtosecond electron source based on optical field enhancement at metallic nanotips
The efficient generation of SH radiation from single metal nanotips reported in section 3.2 leads us to the exploration of other, higher order nonlinear processes from such tips. A particularly interesting example is the field-induced generation of ultrashort electron pulses via a local photoelectric effect induced by multiphoton absorption [79, 80] or by optical field emission [81, 82] . Here, the field enhancement at the very end of the metal tip may greatly lower the required field strengths for observing such phenomena [83, 84] . Hence, bright and spatially localized electron sources may be obtained at the fairly moderate peak powers achievable with high repetition rate laser sources. Such sources should find important applications in ultrafast electron diffraction [85] - [87] and microscopy [88, 89] , fascinating new approaches to the study of microscopic structural dynamics with picosecond or even sub-picosecond temporal resolution.
To investigate electron generation from sharp metal tips, we have developed the experimental set-up sketched in figure 19 [84] . Seven-femtosecond light pulses from a Ti : sapphire laser are coupled via a 150 µm thick quartz window into a high vacuum chamber and are then focused to a spot size of about 1.5 µm by a reflective Cassegrain microscope objective (numerical aperture 0.4, working distance 10 mm). An eletrochemically etched gold tip with a radius of curvature of about 20 nm is mounted on a hardware-linearized piezo scanner and can be raster-scanned through the laser focus. For electron detection, a chevron-type microchannel-plate (MCP) detector is placed opposite to the tip, and voltage pulses from the MCP detector resulting from single electron events are counted with an electronic discriminator. A variable bias voltage U can be applied to the tip. In addition, backscattered light from the tip is collected via the Cassegrain objective, separated from the incoming laser by a dichroic beam splitter, dispersed in a monochromator and detected with a liquid-nitrogen-cooled CCD. We first study the spatial characteristics of the electron generation by probing the electron signal while scanning the tip in the plane perpendicular to the optical axis (y-direction) through the laser focus ( figure 20) . In these images, the electron signal is plotted on a logarithmic intensity scale. When the polarization direction of the incident laser is oriented along the axis of the metal tip (y-direction), we observe, at U = 0, an intense electron signal (>10 6 e − s −1 ) from a 0.5 × 1 µm 2 region at the very end of the metal tip. This spot size is smaller than the illuminating spot size of 1 × 2 µm 2 , assessed by analyzing the simultaneously recorded backscattered laser light. The geometry of the electron emission spot is not fully elliptical, small side lobes along the x-axis reflect the imperfect shape of the laser focus generated by the Cassegrain objective. In this image, a much weaker electron signal is also observed on the tip shaft. When rotating the incident polarization to the perpendicular direction, the emission from the tip apex is reduced by more than two orders of magnitude, clearly illustrating the polarization selectivity of the field enhancement promoting the electron generation. In addition, the image shape of the weak shaft signal changes. For parallel polarization, this background signal stems from the front face of the tip shaft, whereas the emission for perpendicular polarization is mostly arising from the borders of the tip shape. This is understood by considering that this background is preferentially occurring from micro-roughness spots at which the incident electric field is pointing away from the surface. We finally note that, similar to the results described in section 3.2, we also observe rather intense SHG and two-photon induced photoluminescence [74, 77] at the tip apex at exactly the same spot at which the electron signal for parallel incident polarization has its maximum [84] . Evidently, also this local SH signal shows a pronounced polarization dependence similar to that shown in figure 15 [75] .
We now want to investigate the physical mechanism underlying this field-enhanced electron generation in more detail. For this purpose, we move the metal tip directly into the laser focus and study the intensity and tip bias voltage dependence of the electron signal. In order to evaluate these experiments, it is important to remember that, in the absence of optical fields, electron emission from metal tips occurs at sufficiently high negative static bias voltages due to Fowler-Nordheim tunneling [90] . If the resulting surface electric field reaches a few V nm −1 , quantum mechanical tunneling of electrons from filled states near the Fermi energy becomes possible. Within the WKB approximation [91] , the transmission coefficient of an electron of energy E through the triangular barrier of height − E created by a surface electric field F is [90] T
In equation (6) , the original Fermi energy is set to zero, so that the work function is used as a parameter. This function can be integrated over the filled density of states of the metal, yielding the tunnel current density j. If image charge effects of the tunneling electrons are taken into account [90] , j is expressed as
Here, v and t are elliptical dimensionless Nordheim functions of the variable y = e 3/2 √ F/4π 0 / (see [90] and corrected expressions in [92] ). t 2 (y) is a slowly varying function often set to a value of 1.1, and v(y) is frequently approximated as v(y) = 0.95-y 2 [93, 94] . The overall tunneling current J then is the surface integral over the current density j. Such a model correctly describes the tunneling emission from our gold tips in the presence of a static bias voltage ( figure 21 ). In particular, it allows us to calibrate the proportionality constant between a macroscopically applied bias voltage U and the resulting surface electric field F. From the slope of the data, a surface electric field of F ≈ 10 −2 nm −1 U is deduced. After this initial characterization, the electron flux J is studied systematically as a function of the incident laser power P and the tip bias voltage U . Figure 22 shows a data matrix J (U, P) (a), together with curves at constant incident power (b) and constant voltage (c). First, the power dependence for different voltages ( figure 22(c) ) is discussed. By evaluating the slope of this double-logarithmic plot, log J versus log P, one finds a clear fourth-order power dependence at low bias of less than 150 V. This steep slope shows that multiphoton absorption causes the electron emission at low bias voltage. Raising the bias voltage to higher negative values results in a background due to the static FN tunneling, and, most importantly, in a decrease of the power dependence of the emission. At U = 880 V, the electron flux is only slightly nonlinear with a power dependence ∝ P 1.5±0.1 around P = 3 mW. The gradual decrease of the power dependence, evaluated for the slope of the curves around 3 mW after subtraction of the dc contribution, is plotted in figure 23(a) . The curve starts at a value of 4 with convex curvature, has an inflection point near 500 V and approaches 1 for larger bias voltages. In figure 23(b) , an explanatory tunneling scheme is depicted, together with the WKB tunneling probability T as a function of electron energy for moderate (blue) and large (red) magnitudes of the bias voltage. For zero bias, only electrons excited by multiphoton absorption to states above the vacuum level can escape the metal. At high bias, multiphoton electron emission is complemented by tunneling from lower-lying electron states which may be excited by linear absorption processes. With increasing negative bias, the electron emission thus becomes dominated by photo-induced tunneling from electron states below the vacuum level.
Due to the rapid electron dephasing and relaxation processes in metals [95] , finding a direct relation between a given power dependence and the relative contributions from linear and multiphoton absorption processes is nontrivial. In principle, such an assignment requires a full dynamical simulation of the nonequilibrium dynamics of the highly excited electron system within the confined tip geometry, including the coherent excitations of the electron and many-body correlations. To our knowledge, there is limited information on these intricate nonequilibrium electron dynamics in nanostructures. We thus use a different, more phenomenological approach to learn about the nonequilibrium excitations of the electron system that give rise to the electron emission. The approach relies on an extension of the conventional Fowler-Nordheim approach, which assumes that J (U, P) is given by an integral over the energy-and voltage-dependent transmission coefficients T (E, U ) times a distribution function of the optically excited carriers f (E, P):
The emission probability T (E, U ) of a state at energy E for a bias voltage U is assumed to be the same as for the conventional static FN tunneling in figure 21 . The knowledge of T (E, U ) then permits a reconstruction of the carrier distribution f (E, P) from the measured functional dependence J (U, P). The desired function f (E, P) is a time average over the transient nonequilibrium electron distribution during the course of the emission process. No implicit assumptions about the density of states are made, so that f (E, P) describes the absolute carrier densities.
To obtain a numerical estimate of f (E, P), equation (8) is discretized and rewritten as a matrix equation. The variable U is written as a vector with components U i , i ∈ {0, 1, . . . , 50} denoting the voltages U i = i · 20 V from 0 to 1000 V, at which the electron emission is measured. The carrier distribution function f (E, P) is discretized in energy with a step size of 500 meV.
More specifically, we write
where g(E j , P) is the coefficient of the carrier density in the interval between E j−1 and E j . This transformation yields a matrix for the resulting tunneling current at the voltage U i for each of these j components via
With these definitions, the desired matrix equation can be expressed as
Least squares solutions for g(E, P) are calculated numerically by minimizing the error functional
for every incident power. The minimization is performed under the further constraint of nonnegativity of the components of g. Consequently, only monotonically decreasing distribution functions are captured, excluding a strong resonant behavior at specific energies. The experimental data can be satisfactorily described by this class of distribution functions. From the optimized coefficients g, the corresponding distribution functions are calculated via equation (10) . Figure 24 (a) shows again the voltage-dependent emission curves at three incident powers (circles). The reconstructed distribution functions are shown in figure 24(b) for these three incident powers. As a consistency check, the solid lines in figure 24 (a) represent the electron currents (equation (11)) resulting from these three distribution functions, which are in excellent agreement with the experimental results. The particular choice of the energy step size E j − E j−1 and the width of the Fermi functions E (0.3 eV in figure 24 ) has proven to be of minor importance, and very similar results are obtained for a finer energy resolution.
The distribution functions possess, in particular for high optical powers, a markedly nonthermal character and are mainly composed of two components: (i) a strong low-energy component close to the Fermi energy likely to originate predominately from single-photon absorption; its energy content scales approximately linearly with the incident optical power.
(ii) A nonthermal high energy shoulder which emerges between 3 and 6 eV (indicated by the gray-shaded area in figure 24(b) for P = 2.3 mW) with a strong nonlinear power dependence, resulting from multiphoton absorption from states below and up to the Fermi energy. It is this second component in the distribution functions which is responsible for the emission at low bias voltages, as is illustrated by the large gray-shaded area in figure 24(a) that corresponds to emission from the shaded area in the distribution function in figure 24(b) . Although a substantial electron emission is already present at zero bias voltage, there is a sharp rise in electron flux upon increasing the bias from 0 to 100 V. This fact suggests that the major fraction of the nonthermal component populates states somewhat below the vacuum level.
The strong nonthermal character of the electron distributions has direct consequences for the time structure of the emitted electrons. For low voltages, the rapid thermalization of electrons limits the population lifetime of the relevant high-energy states [95, 96] and, thus, the duration of the emitted electron pulses. For very large negative bias, lower-lying states of longer lifetime [97] contribute significantly to the emission, possibly resulting in longer electron pulses.
Recent experiments [83, 98] suggest that Keldysh-type [81, 83] optical field emission from the states near the Fermi energy may be important because of the high electric fields of the excitation pulses. In our experiments, despite the short laser pulses and the substantial field enhancement at the metal tip, we estimate a Keldysh parameter of about 4 at P = 3 mW. We thus expect that the present experiments are well within the multiphoton regime [99] , although at this stage, a limited contribution of optical field emission cannot be fully be ruled out at the highest bias voltages. At lower bias voltages, the situation is clear, as we find the same fourth-order power dependence for various tips at zero bias, whereas optical field emission should strongly depend on the local field enhancement and thus vary from tip to tip. Furthermore, for optical field emission, a saturation of the power dependence to a finite value (4 in our case, cf figure 23) is not expected at zero bias. Instead, optical field emission predicts a steeply increasing power dependence for a reduction of the bias [98] .
Summary
The results presented in the previous sections describe some of the progress made in the laboratories of the authors in combining ultrafast spectroscopy and nano-optical imaging techniques.
The linear optical properties of metallic nanostructures such as plasmonic crystals are now much better understood, partly due to the new information gained by combining temporally and spatially-resolved spectroscopy. In particular, periodic nanohole and nanoslit arrays have developed into important model structures for studying the optical properties of plasmonic crystals. This improved knowledge may be crucial for exploring the nonlinear optical properties of new hybrid structures consisting of metals and optical gain media, e.g. metal/semiconductor or metal/polymer complexes, where new phenomena such as SPP amplification or lasing are expected.
The field localization at metallic nanostructures gives rise to spatially highly localized optical nonlinear effects. A prominent example is SHG from metal nanotips which allows one to create nanometre-sized isolated light spots with dimensions down to the 10 nm range. The use of optimized ultrafast laser designs has been shown to greatly enhance the efficiency of these nonlinearites and thus the brightness of these nanolights. This opens the door for various new applications in nanoimaging and spectroscopy. A specific example is the imaging of nanometresized domains in polymer [100] or magnetic materials.
The results in section 3.3 show that this field localization is sufficiently strong to not only induce SHG but also the emission of an intense beam of electrons. This electron emission is localized to a nanometre-sized region at the apex of sharp metal tips [84] . Even though the time structure of the emitted electron burst has not yet been fully characterized, our experiments indicate that in the absence of a bias voltage, where electrons are emitted from energy states close to the vacuum level, the pulse duration is of the same order as that of the incident sub-10 fs light pulses and can possibly be reduced even further. Various applications can be foreseen for such a nanometre-sized femtosecond electron source. It will be interesting to test it as a source for ultrafast electron diffraction experiments [85, 86, 101] . At present, the time resolution in such experiments is limited to several hundreds of femtoseconds, partly due to the Coulomb repulsion of electron bunches produced at kHz repetition rates. In the field-enhanced emission from metal nanotips, high repetition laser sources are used, creating mostly only a single electron per pulse. Temporal smearing due to Coulomb repulsion can thus be avoided, possibly resulting in an increased temporal resolution. Also the small spot size of the electron source should be beneficial, since the temporal smearing due to spatial propagation effects may be reduced. Another interesting application of such electron sources is their use in tip-enhanced electron microscopy. The concept of such an electron microscope, based essentially on the modification of the ultrafast local electric field inducing the electron emission, is schematically illustrated in figure 25(a) . We have recently reported the first successful implementation of such a microscope [84] and have demonstrated imaging of local electric fields in metallic nanostructures with 20 nm spatial resolution. The high spatial resolution achievable with this tip-enhanced electron emission microscope becomes apparent from the tip-sample distance dependence of the electron signal ( figure 25(b) ), recorded by approaching a gold surface to the illuminated metal tip. As in the unmodulated SH approach curves ( figure 17(a) ), one finds a gradual increase of the electron signal within the last hundreds of nanometres and then a steep increase when bringing the sample into the near-field at the tip apex. In the absence of a bias voltage, the electron signal increases by a factor of 2 within the last 20 nm. So far, we have not yet made use of the inherent temporal resolution of such a microscope. It will be interesting to explore the combined spatio-temporal resolution of this new microscope for probing the coherent ultrafast SPP dynamics in metallic nanostructures. Such studies may also allow for directly probing the time structure of the nano-sized electron pulses.
